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Abstract
Considering the Mediterranean as a region of high evaporation and low precipitation,
evaluations of the moisture and precipitation sources and sinks in the Mediterranean
basin have been carried out within the frame of the CIRCE project. In addition, res-
idence time and stagnation/ventilation have been analysed to investigate transport to 5
and from the Mediterranean basin and in the basin itself. A Lagrangian moisture diag-
nosis method calculating budgets of evaporation minus precipitation was applied to a
5.5 year (October 1999–April 2005) trajectory data set and evaluated for eight Mediter-
ranean regions of interest. The Mediterranean basin has been identiﬁed as a major
source of moisture and precipitation to the surrounding land area and to the basin it- 10
self. Regions of stagnation have been identiﬁed through the analysis of the average
24-hour and 5-day displacements for the four seasons, and the Po basin was identi-
ﬁed as being strongly aﬀected by stagnation. Evaluation of the transport to and from
the basin shows that the Mediterranean is a crossroad of airstreams where air enters
mainly from the northwest and continues in two separate airstreams: one turns to- 15
wards southwest, passing over North Africa into the trade wind zone while the other
one continues northeastwards through Central Asia.
1 Introduction
Recently, investigation of sources and sinks of moisture and precipitation for a speciﬁc
region has become a topic of interest, for example in the context of the heavy ﬂoods in 20
Central Europe in 2002 and 2005. One of the regions in the world which are especially
interesting is the Mediterranean region, at the intersection between the westerlies of the
midlatitudes, the South Asian and African monsoons, and the trade wind regimes (e.g.,
Alpert et al., 2006; Luterbacher and Xoplaki, 2003; Xoplaki et al., 2003, and references
therein). Exhibiting a pronounced seasonal cycle with dry and warm summers and wet 25
winters (Peixoto et al., 1982; Lolis et al., 2008), it has also been identiﬁed as one of the
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“hot spots” for present and future climate change (Giorgi, 2006).
Various large-scale atmospheric circulation patterns are connected, to a larger or
smaller extent, with the Mediterranean weather, e.g., the North Atlantic oscillation (Hur-
rell, 1995, 1996; Rodo et al., 1997; Krichak et al., 2002; Krichak and Alpert, 2005).
Rainfall anomalies in the Eastern Mediterranean and their connection to the North At- 5
lantic climate variability have been investigated by Eshel and Farrel (2000).
Water in the atmosphere is important for the climate system in many ways, e.g.,
by modifying the Earth’s radiation budget, and by the inﬂuence of precipitation on the
thermohaline circulation and water ﬂuxes (Weaver et al., 1999; Bethoux and Gentili,
1999). The hydrological cycle in the Mediterranean has also eﬀects on the atmospheric 10
moisture ﬂux in adjacent regions such as into northern Africa (Ward, 1998) or into the
Alpine region. Sodemann and Zubler (2009) analysed moisture sources of the Alpine
region stating that the seasonal ﬂuctuations and unsteadiness of the Mediterranean
as a moisture source could be a cause for precipitation extremes such as droughts or
ﬂoods. Additionally, they concluded that especially for the southern Alpine slopes the 15
Mediterranean has a signiﬁcant inﬂuence on the amount of precipitation.
Therefore, we found it interesting to investigate the fate of the atmospheric water
vapour evaporated from the Mediterranean basin, with respect to atmospheric humidity
as well as precipitation. This is closely related to the transport pathways of air to and
from the Mediterranean in general, which in turn are also key determinants for air 20
quality (Lelieveld, 2009).
Precipitation in a region may have, according to Brubaker et al. (1993), three
origins: moisture already present in the atmosphere, moisture advection, and
evapo(transpi)ration from the surface below, the latter also referred to as recycling
of precipitation (Eltahir and Bras, 1996). Moisture transported from sources outside 25
the respective regions, related to global atmospheric water ﬂuxes, have been investi-
gated by Newell et al. (1992), who analysed global tropospheric water vapour ﬂuxes on
a daily time scale and found “tropospheric rivers” supplying moisture in warm conveyor
belts (see also Eckhardt et al., 2004). Zhu and Newell (1998) found that for the merid-
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ional transport at the middle latitudes the tropospheric rivers account for nearly all of
the total water vapour transport. Trenberth (1999) deﬁned recycling as the amount of
contribution of evaporation in an area to the precipitation in the same area, so recycling
as function of the domain’s length scale and depending on the domain size.
Projects that presently investigate such features in the Mediterranean region include 5
CIRCE
1 (Climate Change and Impact Research: the Mediterranean Environment),
HyMeX
2 (HYdrological cycle in the Mediterranean EXperiment) (Drobinski and
Ducrocq, 2008) and MedClivar
3 (Mediterranean CLImate VARiability and Predictabil-
ity) (Lionello et al., 2006). Beyond issues of the hydrological cycle, they aim at a better
understanding of climate change and its various eﬀects in the Mediterranean basin and 10
its surroundings. The study presented here was carried out in the frame of CIRCE.
Lelieveld et al. (2002) identiﬁed air mass trajectories during the MINOS (Mediter-
ranean intensive oxidant study) campaign for the lower, middle and upper troposphere
and concluded that in the lower troposphere inﬂow from the North prevails whereas in
the free troposphere the westerlies dominate. In the upper troposphere the Mediter- 15
ranean is inﬂuenced by an anticyclone with its center located over the Tibetan Plateau.
Inﬂow from continental Europe into the Mediterranean prevails in the lower troposphere
whereas in the middle and upper troposphere inﬂow from Northwest and Southeast
dominates. Analyses of transport pathways of middle-lived pollution from and to the
Iberian Peninsula (Nieto et al., 2008b; Nieto and Gimeno, 2006) for time periods rang- 20
ing from 3 to 10 days showed similar pathways as identiﬁed by Lelieveld et al. (2002)
and also showed that the Iberian peninsula acts as one of the main potential contribu-
tors of Mediterranean middle-lived pollution.
Stohl and James (2004, 2005) used Lagrangian analysis to evaluate the surface
freshwater ﬂux E−P using ECMWF data and applied their method to the case study 25
of the heavy ﬂooding event in August 2002 in Central Europe. They concluded that
1http://www.circeproject.eu/
2http://www.cnrm.meteo.fr/hymex/
3http://www.medclivar.eu/
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the major source region of evaporation contributing to the precipitation event was the
Mediterranean. In addition, they applied their method to a 4-year period and analysed
E−P budgets for 39 river catchments. A climatological analysis of the precipitation,
evaporation and moisture ﬂux in the Mediterranean region for the past 50 years has
been carried out by Mariotti et al. (2002) who used reanalysis data and compared the 5
results with observational datasets and estimated the climatological river discharge us-
ing historical hydrological data. They showed that the annual mean of the budget E−P
is positive over the Mediterranean Sea indicating that the atmosphere gains moisture
from the Mediterranean.
Lagrangian evaluations of moisture sources and sinks in other regions than the 10
Mediterranean have been carried out by Drumond et al. (2008) who analysed the mois-
ture sources for the Rio Plata basin and Central Brazil, Nieto et al. (2006) concentrated
their analyses on the Sahara and its moisture sources, Nieto et al. (2007) analysed
contributions to the Icelandic moisture budgets and Nieto et al. (2008a) analysed the
Orinoco basin in South America. In all four studies the data set used was compiled by 15
Stohl (2006).
This paper investigates residence times and stagnation/ventilation of air moisture
and precipitation sources and sinks in the Mediterranean based on the Stohl (2006)
data set.
2 Method 20
The Mediterranean basin is a region surrounded by mountain ridges in the north (Mas-
sif Centrale, Alps, Dinaric Mountains, Carparthians), west (Pyrenees, mountains of
Iberian peninsula), east (Anatolian highlands) and parts of the south (Atlas Mountains).
These mountains, and especially the gaps between them, lead to wind systems such
as the mistral, the bora, the ponent, the scirocco and the etesians. The Italian peninsula 25
until its Appenine mountain range and the Greek mountains divide the Mediterranean
basin. To account for the inﬂuence of these wind systems and the topography Regions
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Of Interest (ROI) were deﬁned inside the Mediterranean basin. In total, eight ROIs
have been deﬁned (Fig. 1): one is the Mediterranean itself, the other seven are the fol-
lowing sub-regions: (1) Western Mediterranean, (2) Central Mediterranean, (3) Adriatic
Sea, (4) Eastern Mediterranean, (5) Balearics, (6) Etesian region, and (7) the region
between Cyprus and Israel. 5
Moisture and precipitation sources and sinks have been analysed using a La-
grangian particle dispersion data set produced by Stohl (2006) for a study of trans-
port into the Artic. The model FLEXPART (Stohl et al., 1998, 2005) had been used
in the global domain-ﬁlling mode to simulate a 5.5-year period starting on 27 October
1999 and ending on 1 May 2005. This period includes some extreme weather periods, 10
especially the heavy ﬂoods in Central Europe in 2002 and the unusually hot and dry
Summer 2003. Input data were the operational analyses at 00:00, 06:00, 12:00, and
18:00UTC, and 3-h forecasts at intermediate times (03:00, 09:00, 15:00, 21:00UTC)
of the European Centre for Medium-Range Weather Forecast (ECMWF). A horizontal
resolution of 1
◦×1
◦ of the T319 model with 60 model levels was used. Approximately 15
14 levels are below 1500m and 24 below 5000m. Trajectories had been calculated
using the interpolated mean winds from the input data plus random motions to account
for turbulence.
At the start of the simulation 1398801 particles were released which ﬁlled the atmo-
sphere homogenously. One of these particles represents about 3×10
12 kg of air. Par- 20
ticles move freely with the winds during the simulation. Output of particles’ ID number,
position (latitude, longitude, height above msl, height above ground), and interpolated
meteorological parameters from the input analyses (temperature T, speciﬁc humidity q,
air density ρ, atmospheric boundary layer (ABL) height and the tropopause height at
the particles’ position) were recorded every six hours. 25
Restricitons of this method are related to the limited amount of particles and time
resolution in the dataset, the accuracy of the trajectory calculations and the calculation
of the Lagrangian time derivates of humidity. Examinations of the data set have shown
that in a few rare cases speciﬁc humidity suddenly dropped from one time step to the
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next from plausible values to nearly zero speciﬁc humidity, probably indicating a bug in
the FLEXPART data set. Linear interpolation has been used to replace buggy speciﬁc
humidity values with one time step before and one time step after the drop. As anal-
yses are carried out using large temporal and spatial averages these eﬀects can be
neglected. 5
Moisture and precipitation budgets, residence times, and a stagnation/ventilation in-
dex have been evaluated on a 1
◦×1
◦ grid for all eight ROIs. In the following, the deﬁni-
tions and calculations of these parameters is introduced.
2.1 Residence time
The residence time is deﬁned as the average of the time that all those particles have 10
spent in the respective evaluation grid cell that were in the ROI during the deﬁned time
window. Residence times have been calculated in forward and backward mode for
three diﬀerent vertical layers: 0–1000m agl, whole troposphere, and the whole atmo-
sphere, and four diﬀerent transport times windows ∆t: 0–1 days, 0–5 days, 0–30 days,
and 0–90 days. 15
Residence times are shown on an annual basis. The residence time is normalised
with the number of particles in the ROI and ∆t in days, and is expressed in units of
seconds per particle, receptor day, and grid cell. As grid cells are deﬁned in a latitude-
longitude grid, these values have been corrected to standard grid cell size (as at the
equator). Forward transport calculations show the fate of Mediterranean air, while back- 20
ward calculations show the origin of air in the Mediterranean. Particles are counted in
the forward mode if they resided initially in the ROI, in the backward mode if they ar-
rived ﬁnally in the ROI. “Initially” and “ﬁnally” means within time windows ∆t as deﬁned
above.
High residence times indicate, on one hand, areas with stagnation, and on the other 25
hand, transport pathways. Thus they are especially relevant for air pollution budgets.
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2.2 Stagnation/Ventilation
The residence times give already an idea of regions where the air stays a long time, and
especially residence times with short time intervals are related to stagnant conditions.
To show such areas more clearly, additional analyses for stagnation (and, on the other
side of the scale, ventilation) have been carried out (see Allwine and Whiteman, 1994, 5
for background to this concept). Ventilation/stagnation is deﬁned as the vectorial mean
of the particle velocities, or in other words, the distance between start point and end
point of a particle divided by the length of the time interval. Low values indicate strong
stagnation tendency, high values ventilation.
Stagnation has been calculated for the four seasons and diﬀerent time intervals ∆t 10
all over the globe. These time intervals are shorter than time intervals used for the resi-
dence times, namely one and ﬁve days. These are local parameters, not a relationship
between a source (receptor) region and the rest of the world, thus it is not appropriate
to do separate ROI calculations. Results are shown for the Mediterranean region only.
2.3 Moisture budget 15
Moisture source and sink tracking along the trajectories has been done using a method
based on James et al. (2004); Stohl and James (2004, 2005) and Sodemann (2006),
also used by Nieto and Gimeno (2006); Nieto et al. (2006, 2007, 2008a) and Drumond
et al. (2008).
The change in the moisture content q of the air parcel n in a time interval ∆t, ∆qn/∆t, 20
can be written as the balance of eﬀects of evaporation E minus precipitation P:
∆qn
∆t
= E − P (1)
Evaluations are carried out on a ﬁxed 6-hour time interval. Results of ∆qn have
units of gkg
−1 (6h)
−1. The moisture change between two time steps is calculated
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as ∆qn=qn(t)−qn (t−1), where qn(t) is moisture at time t and qn(t−1) is the moisture
at the previous time step.
In order to distinguish between moisture originating inside and outside the ROIs, two
diﬀerent moisture variables are deﬁned. We track moisture originating inside the ROIs,
qmn, with its changes between the timesteps, ∆qmn, and moisture originating outside 5
the ROI, qon, with changes ∆qon.
An increase of qmn can be found if ∆qn is positive and the particle is inside the ROI,
with
∆qmn = ∆qn (2)
and 10
∆qon = 0. (3)
If the particle is outside of the ROI, ∆qon=∆qn and ∆qmn=0.
With a decrease of a particles’ moisture between two timesteps (negative ∆qn) both
qmn and qon loose moisture pro-rata. In this case ∆qmn and ∆qon can be calculated
as: 15
∆qmn =
qmn
(qmn + qon)
∆qn (4)
∆qon =
qon
(qmn + qon)
∆qn. (5)
Final results are evaluated as means over all relevant particles for the four seasons
and the whole year, averaged over 1
◦×1
◦ grid boxes. The fraction of the total moisture
which evaporated inside the ROI, qmi(x,y), can be written as: 20
qmi(x,y) =
X
n
qmn
(qon + qmn)
(6)
where n are the particles in the gridbox. This fraction qmi(x,y) is then averaged over
the seasons.
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2.4 Precipitation budget
The attribution of precipitation with respect to its origin in the ROIs was done in a similar
way as the moisture calculations. The moisture changes inside and outside the ROI are
evaluated and the moisture loss in the atmospheric column is taken as precipitation.
The fraction pmi(x,y) of the precipitation which contains water evaporated in the 5
ROI, is calculated in a way similar to the moisture fraction qmi(x,y), where instead of
qmn and qon the quantities ∆qmn and ∆qon, if <0, as deﬁned in Eqs. (4) and (5) are
used. Thus pmi(x,y) can be written as:
pmi(x,y) =
X
n
∆qmn
(∆qon + ∆qmn)
. (7)
This value indicates the fraction of the precipitation in a grid cell that stems from mois- 10
ture which evaporated inside the ROI. It has to be considered that a small ROI will of
course contribute less moisture to any precipitation downwind than a larger ROI.
3 Results
3.1 Moisture budget
Seasonally averaged values of qmi(x,y) (i.e., the fraction of moisture evaporated in- 15
side the ROI) have been calculated for eight ROIs. Results for the Mediterranean basin
as a whole (Fig. 2) show that the highest fractions of moisture are formed over the basin
itself with the centre located between the Italian and Hellenic peninsulae. These struc-
tures of the moisture fraction qmi(x,y) can be found in all four season, especially in the
three summer months June, July, and August (in the following JJA) where two centres 20
with values between 50% and 70% can be found. One centre is located in the Ionian
Sea and the other one between the south cost of Turkey and Cyprus. In autumn and
winter, when the evaporation from the sea is large, due to high SST compared to air
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temperature, and advection strong, the contribution of qmi(x,y) with fractions of 10%
and more to regions outside the Mediterranean is larger compared to spring and sum-
mer. Contributions even reach Kazakhstan and European Russia as well as Egypt and
Libya.
In the main outﬂow region, the northeastern part of the Mediterranean, qmi(x,y) 5
shows some inﬂuences inland, e.g., in Turkey and Bulgaria. Contributions of Mediter-
ranean moisture can be found, although with a very low fraction, in the whole northern
hemisphere. The spatial distribution of qmi(x,y) mainly reﬂects the predominant ﬂows
in the corresponding seasons. Moisture transport to the northeast is strong especially
in SON and DJF when SST is high and westerlies are more intense than in the other 10
seasons.
Results of the seven sub-basins show similarities with those for the Mediterranean
basin having as a whole the absolute maximum inside the ROI, although on a smaller
scale. Outﬂow from the western Mediterranean basin, ROI 1 (Fig. 3), is directed pri-
marily to the northeast and east contributing to precipitation in these areas, especially 15
in autumn. In summer, we see minor ingestion into the trade wind regime through
the Strait of Gibraltar, and into the ITCZ through Algeria and Libya. Sodemann and
Zubler (2009) showed that the western Mediterranean sector, covering in our deﬁnition
ROI 1 and ROI 2, plays a major role for Alpine precipitation throughout the seasons,
especially in August and September, again related to ocean evaporation. The central 20
Mediterranean, ROI 2, has only weak inﬂuences on regions outside the Mediterranean,
partially because the basin is smaller. Although the inﬂuences are small, they still can
be found close to the northern border of Chad with up to 20% moisture in summer. The
main outﬂow goes to the northeast. ROI 4, the eastern Mediterranean (Fig. 4), delivers
contributions to the region itself and to the Near East. The outﬂow of ROI 4 is divided 25
into two airstreams, one towards the east and one going southward into the ITCZ. In-
ﬂuences to the south reach further into North Africa than that of any other major basin,
being present in all four seasons and strongest in spring and autumn. Towards the
west, no moisture transport can be indentiﬁed and only a little is going north.
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For the other four small sub-basins inﬂuences do not reach far outside the ROIs
themselves. The Balearic basin moisture mixing ratio (Fig. 5) has contributions on the
Iberian peninsula showing that the thermal circulation between the Balearic Sea and
the Iberian continent is present even in the coarse ECMWF model (see Sect. 2 for
desription of input data). Additionally, some inﬂuence can be found on Italy too. This 5
inﬂuence is strongest in summer while being present, although on a smaller scale, in
the other seasons too. The Adriatic basin, ROI 3, shows more inﬂuence on the western
part of the Balkan than on Italy. Looking more into the details, one can discover that the
Po basin has a signiﬁcant moisture fraction originating in the Adriatic, and that there
is a strong gradient over the western Alps. Switzerland receives virtually no Adriatic 10
moisture, whereas southern and eastern Austria do. In the Etesian basin, the impact of
Mediterranean moisture is distributed locally with ﬂows inﬂuencing the Black Sea and
Turkey in winter and spring, and the Sahara region in summer and autumn. Small ﬂows
going northeast and south to Africa are visible. The Cyprus basin results have similar
results compared to the Etesian but with ﬂow directions to the east and southeast. 15
Impacts can be found in the region between the Eastern Mediterranean shoreline and
Iraq. In contrast to the Etesian region, shallow ﬂows of the moisture originating from
the Cyprus basin are sucked into the atmosphere over Africa.
3.2 Precipitation budget
As described in Sect. 2.4, the fraction pmi(x,y) of the precipitation on a grid cell stem- 20
ming from moisture evaporated inside the ROI is presented. Patterns of these precip-
itation fractions are of course similar to those of the moisture. However, the maxima
are clearly higher, and the mimina lower.
In the Mediterranean basin (Fig. 6), the fraction of authochtonous precipitation is at
least 40% throughout the year. In summer, it is highest with values between 50% and 25
70%, showing quite sharp boundaries compared to the other seasons. Results for au-
tumn show, like in the moisture analyses, the inﬂuence of the higher SST in autumn
compared to spring. Outﬂow pathways can be clearly identiﬁed, having a strong dom-
21436ACPD
9, 21425–21461, 2009
Origin and transport
of Mediterranean
moisture and air
I. Schicker et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
inant branch towards the northeast and a second, weaker one towards central Africa,
especially to the eastern part of the continent, whereas western North Africa receives
less Mediterranean rainwater. A third maximum can be found in the region of Gibral-
tar, reaching into the trade wind zone in summer although with a very low fraction.
A fourth predominent maximum, in spring and autumn is located over eastern Central 5
Europe, related to the well-known higher frequencies of meridional circulations in these
seasons, connected with Vb-like cyclone tracks (Van Bebber, 1891).
The western Mediterranean basin (Fig. 7) inﬂuences the Algerian and Tunisian coast,
the Balearics and southern Sardinia especially in summer. In summer, a strong gradi-
ent in the north of the basin across the Alpine region is visible. Also a weak transport 10
into the trade wind zone can be found. In autumn and winter, when precipitation orig-
inating in the western Mediterranean reaches into Central Asia, the inﬂuences in the
north east are larger than in summer whereas the inﬂuences on the Iberian penin-
sula are comparably higher in spring and summer with more than 20% of precipitation
originating in the Mediterranean. Contributions to the Adriatic Sea and Italy can be 15
found too, except for winter. In the central Mediterranean the inﬂuence of precipitation
originating in that basin is changing little over the seasons. In summer and autumn,
transport into northern Africa is visible, inﬂuence to the northeastern areas is strongest
in winter and autumn. Results for the eastern Mediterranean (Fig. 8) show its contri-
bution to Egypt, Turkey, Israel, Lebanon, Jordan, and Syria. A large impact in spring, 20
summer, and autumn can be found in Cyprus. Especially in summer and autumn, ef-
fects on Africa are large. Furthermore, impacts of the westerlies are large in winter,
spring and autumn. Another contribution can be found in the northwest of Chad in the
Tibesti mountains where the Mediterranean precipitation is lower than the 3% in the
north, east, and south of the mountain ridges. 25
Precipitation patterns of moisture evaporated in the Balearic basin show that in sum-
mer the region with highest impact is located between the Balearic islands and the
coast of Valencia. Impacts can also be found in the Alpine region except in winter,
and in summer also in southern France, cyclones in the western Mediterranean are
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known to cause heavy precipitation in these regions, and probably a substantial frac-
tion of this water comes from the Balearic sub-basin. Transport with the trade winds
and with the westerlies is almost absent. Similar results can be found for the Adriatic
basin (Fig. 9) insofar as inﬂuences are only local. Fractions are highest in the southern
Adriatic Sea, especially in summer. In contrast to moisture, the Po Basin in northern 5
Italy is not a feature for precipitation. From the land areas, the Dinaric coast has the
highest fraction of Adriatic water in precipitation. However, in the main precipitation
season (autumn), it is only about 25%, so that other sources of atmospheric moisture
contribute as well. As in the moisture results, the precipitation originating from the Ete-
sian sub-basin is mostly relevant for the ROI itself. The 3% zone reaches into Egypt 10
with the trade winds in summer, in winter transport with the westerlies comes close to
Crimea. Results for Cyprus show not much diﬀerence to the moisture results, though
with larger precipitation inﬂuence towards Africa.
3.3 Residence times
Forward and backward residence time evaluations have been analysed only for the 15
Mediterranean basin on three diﬀerent vertical layers and four diﬀerent time intervals
(see Sect. 2.1). Results of the 1-day residence times evaluations (Fig. 10) show that
maxima can be found in the middle of the ROI reﬂecting a tendency towards stagnation
with low wind velocities and/or recirculation. Additionally, residence times are clearly
higher over the Mediterranean Sea than over adjacent land conﬁrming tendencies to- 20
wards recirculation. Results of the comparison of forward (Fig. 10) residence times for
two of the three diﬀerent layers (Fig. 10 left shows 0–1000m, right shows the tropo-
sphere) show that for 1-day residence times the values are very similar, as expected
for the short transport time. Furthermore, the backward evaluations clearly show that
the Alps act as a northern barrier (Sodemann and Zubler, 2009) for the Mediterranean 25
region. Inﬂuences from other orographic barriers and local wind systems can be found
in the east (Etesians) and in the southwest (Atlas range).
Five-day residence times show patterns similar to the 1-day residence times. The
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maximum, a sign towards stagnation, is located in the Tyrrenian Sea between Southern
Italy and Turkey. Inﬂuence of the Etesian winds is now more clearly visible than in the
1-day residence times, with inﬂow from the Black Sea through the Sea of Marmara into
the Aegean and outﬂow to the eastern part of Northern Africa, which is visible even
in the annual means. This leads to lower residence times in the eastern part of the 5
Mediterranean on the 5-day time scale. The overall tendency towards stagnation is still
visible in the 5-day evaluations (Fig. 11). Inﬂuence of the topography surrounding the
Mediterranean basin is clearly recognisable by minima in the 0–1000m residence times
over the mountains where the air partly ﬂows around, and if going over the mountains
it has high velocities. Another indicator for that can be seen especially in the region 10
of the Atlas mountains where the air is channelled around them. The 5-day residence
times show which inﬂuence the Mediterranean air has in northeast Europe compared
to the rather small inﬂuence in northwest Europe. Inﬂuences into the Red Sea and into
North Africa can also be identiﬁed as well as inﬂuences of the Ahaggar mountains and
the Tibesti mountains at the southern borders of the Sahara. 15
The 30-day residence times illustrate the position of the Mediterranean in the global
circulation. The role of mountains and sea straits becomes nicely visible both in the
boundary layer and the troposphere. Alps, Pyrenees, Atlas, Tibesti, Ahaggar, the Ara-
bian and Anatolian plateau as well as the Himalayas and the Tibetan Plateau are clearly
identiﬁable as regions of minima in the residence times. This is because the air pat- 20
terns have a tendency to ﬂow around them, resulting in higher wind velocities. Two
main transport routes of Mediterranean air can be identiﬁed: one enhanced outﬂow
direction through the Strait of Gibraltar and the Red Sea and one outﬂow pattern over
Mesopotamia, a lowland between the high lands of Iran and Arabia. Another air stream
for inﬂow as well as outﬂow, leads over the Dardanelles. Longer residence times can 25
be found over the Western and Central Mediterranean, both in forward and backward
transport, indicating an area of high recirculation tendencies. The forward residence
times calculations clearly explain the transport of Mediterranean moisture and precipi-
tation with the two outﬂow directions into the westerlies and into trade winds.
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The evaluation of the residence times for the 90-days intervals (Fig. 12) shows very
clearly the role of the Mediterranean in the global circulation, and conﬁrms that it can
be called a crossroad of air streams (Lelieveld et al., 2002). As a broad picture, the air
enters the Mediterranean mainly from the Northwest, with a 90-day tropospheric source
area consisting of Central and Western Europe and the North Atlantic. High-latitude 5
regions including the Arctic also contribute to the airﬂow going into the Mediterranean.
The outﬂow is split into two big ﬂows with opposite direction. One follows the Silk Road
through Central Asia north of the Tibetan Plateau to the Paciﬁc coast. The other one
leads over Northern Africa into the tropical Atlantic towards South America and the
Caribbean. Arctic latitudes are very little inﬂuenced on this time scale. 10
3.4 Stagnation/Ventilation
Results of the 1-day and 5-day residence times have already shown a tendency to-
wards stagnation and/or recirculation. 1-day stagnation evaluation (Fig. 13) shows
that in winter a dominant streak with strong transport enters the Mediterranean at
the gulf of Lyon, a consequence of large-scale channelling between the Alps and the 15
Pyrenees. Interestingly, it continues through the strait between Tunisia and Sicily and
then in weaker form passes south of Crete and reaches even the eastern end of the
Mediterranean basin. In summer, the dominant region with low stagnation (i.e., strong
displacements) is the Etesian region in the Aegean Sea. This ﬂow continues over the
whole Mediterranean basin into North Africa. Autumn and spring are a mixture of these 20
two patterns, with much more stagnation over North Africa in autumn than in spring.
Areas of stagnation are the Po basin, known to be an area with high air pollution (Do-
sio et al., 2002), the Gulf of Venice, the Atlas mountains, the Sicilian Sea and Turkey.
In spring and autumn the regions of stagnation are distributed very similar with low
transportation in the Balearic Sea and Adriatic Sea. Furthermore, one can identiﬁy the 25
diﬀerent topographic inﬂuences on the Mediterranean as the mistral in winter, spring
and autumn, the etesians which are strongest in summer, and the Po basin in win-
ter. 5-day stagnation results (Fig. 14) show that the region with strongest stagnation in
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summer is the western Mediterranean basin and the region around Cyprus, which is
also present in the other three seasons. Strongest stagnation values for land masses
can be found over Italy and the Iberian coast, especially the western Mediterranean
shows strong stagnation tendencies in summer. In winter and autumn stagnation dom-
inates in the easternmost part of the basin. A small, interesting spot of stagnation can 5
be found in the southern Adriatic basin in spring.
4 Conclusions
Evaluations of the fate of Mediterranean atmospheric moisture and air have been
carried out based on a Lagrangian transport data set generated with 1
◦ operational
ECMWF data and the Lagrangian particle dispersion model FLEXPART (Stohl et al., 10
2005). The period 27 October 1999–1 May 2005 has been investigated, a period con-
taining on one hand two extreme events, the heavy Central European ﬂooding event in
2002 and a drought event in 2003, and on the other hand has no extremes of climate
modes such as ENSO or NAO. As mentioned previously the coarse resolution of the
data set is not suitable to make single year or even one season analyses, therefore 15
only averages over the full period have been analysed.
Results of the moisture and precipitation analyses show that the Mediterranean basin
contributes to the whole northern hemisphere, although with a low fraction. Highest
fraction of atmospheric moisture and precipitation can be found in the Mediterranean
itself with a maximum in summer. Sub-basin analyses show that the western Mediter- 20
ranean basin has its main inﬂuence on the European continent and the Alpine region,
a conclusion also drawn by Sodemann and Zubler (2009). Inﬂuences of the eastern
Mediterranean basin are mainly in the area of the Middle East and northern Africa.
On a smaller scale as for the Adriatic basin or the Balearic basin relevance is mainly
locally, although the Adriatic basin shows its relevance for the Balkan countries, Austria 25
and the Po basin in northern Italy and the Balearic basin shows a signiﬁcant contribu-
tion on the adjacent portion of Spain. An increase of the precipitation fraction can be
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found in autumn when higher SSTs inﬂuence the evaporation from the ocean reaching
its maximum in November and December (Mariotti et al., 2002).
Residence time analyses, especially of the 30-day and 90-day residence times, show
that the Mediterranean is a crossroad of air streams (Fig. 15) where the air arrives
mainly from the Northwest and the ﬂow is split into two major airstreams. The ﬁrst one 5
continues eastwards through Central Asia. The second one bends southwards into
North Africa and continues towards southwest over the tropical Atlantic following the
trade winds. The source regions for the Mediterranean indicate that the high-latitude
regions over the North Atlantic and Canada contribute, while the outﬂow does not enter
any high latitude regions within 90 days. This gives a climatological conﬁrmation of 10
the conclusion Lelieveld et al. (2002) have drawn from the mean air mass trajectories
during their MINOS campaign in 2001.
Another interesting feature is the channelling by mountains and sea straits which is
best visible in the 5-day and 30-day residence times with minima over the mountains
and maxima along the straits, e.g., the strait of Gibraltar, the Red Sea and the Dar- 15
danelles. Another channelled outﬂow route is over Mesopotamia, a lowland between
the highlands of Iran and Arabia. The Gulf of Lyon between the Pyrenees and the
Alps is a preferred inﬂow channel. Longer residence times are found over the West-
ern and Central Mediterranean than over the Eastern Mediterranean which is strongly
inﬂuenced by the Etesian wind crossing the basin. 20
Stagnation results show a strong seasonal dependency. In winter and spring, the Po
Basin, the Adriatic Sea and the region of Turkey-Cyprus show the strongest stagnation.
In summer, also the Balearic region and the surrounding of the Italian peninsula have
a tendency towards increased stagnation.
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Fig. 1. Deﬁnition of the Mediterreanean basin and the seven sub-basins. (1) Western Mediter-
ranean, (2) Central Mediterranean, (3) Adriatic Sea, (4) Eastern Mediterranean in magenta as
they can be seen as natural boundaries, and (5) the Balearics, (6) the Etesian basin, and (7) the
Cyprus basin in green as small, wind-inﬂuenced basins.
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Fig. 2. Seasonal averages of the mixing ratio of the Mediterranean moisture to non-
Mediterranean moisture for the Mediterranean basin as a whole on a horizontal grid of 1
◦×1
◦
(lat-lon lines on the map are 5
◦).
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Fig. 3. Same as Fig. 2 (moisture ratio) but for the western Mediterranean basin.
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Fig. 4. Same as Fig. 2 (moisture ratio) but for the eastern Mediterranean basin.
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Fig. 5. Same as Fig. 2 (moisture ratio) but for the Balearic basin.
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Fig. 6. Fraction of precipitated water that evaporated inside the Mediterranean basin.
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Fig. 7. Same as Fig. 6 (precipitation fraction) but for the western Mediterranean basin.
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Fig. 8. Same as Fig. 6 (precipitation fraction) but for the eastern Mediterranean basin.
21454ACPD
9, 21425–21461, 2009
Origin and transport
of Mediterranean
moisture and air
I. Schicker et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
*
DJF
JJA
MAM
SON
pm e d ./p
Fig. 9. Same as Fig. 6 (precipitation fraction) but for the Adriatic basin.
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Fig. 10. One-day residence times in s/d for the Mediterranean basin calculated for the lowest
layer, 0–1000m (left), and the whole troposphere (right) in forward mode.
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Fig. 11. Five-day residence times.
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Fig. 12. 90-day residence times.
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Fig. 13. Seasonally averagered one-day stagnation/ventilation results in the Mediterranean
basin, units of km (small values indicate strong stagnation).
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Fig. 14. As Fig. 13 but for ﬁve day stagnation/ventilation.
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Fig. 15. Air ﬂow crossroads over the Mediterranean basin, red the incoming air, in green the
two main outﬂow patterns.
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